We describe a nondestructive evaluation (NDE) method based on the propagation of highly nonlinear solitary waves (HNSWs) to determine the excess of water on the surface of existing concrete structures. HNSWs are induced in a one-dimensional granular chain placed in contact with the concrete to be tested. The chain is part of a built-in transducer designed and assembled to exploit the dynamic interaction between the particles and the concrete. The hypothesis is that the interaction depends on the stiffness of the concrete and influences the time-of-flight of the solitary pulse reflected at the transducer/concrete interface. Two sets of experiments were conducted. In the first set, eighteen concrete cylinders with different water-to-cement (w/c) ratios were cast and tested in order to obtain baseline data to link the ratio to the time of flight. Then, sixteen short beams with fixed w/c ratio, but subject to water in excess at one surface, were cast. The novel NDE method was applied along with the conventional ultrasonic pulse velocity technique in order to determine advantages and limitations of the proposed approach. The results show that the time of flight detected the excess of water in the beams. In the future, the proposed method may be employed in the field to evaluate rapidly and reliably the condition of existing concrete structures and, in particular, concrete decks.
Introduction
In concrete and cement based structures, the early stage of hydration and the conditions at which curing occurs, influence the quality and the durability of the final products. For instance, as a result of the chemical reactions between water and the cement during hydration, the mixture progressively develops mechanical properties. Final set for the mixture is defined as the time that the fresh concrete transforms from plastic into a rigid state. At final set, measurable mechanical properties start to develop in concrete and continue to grow progressively. The durability and the strength of concrete may deviate from design conditions as a result of accidental factors. Some of these factors are water-to-cement (w/c) ratio not controlled well and rainfall that permeates the fresh concrete or dampens the forms prior to casting. As such, the development of nondestructive evaluation (NDE) methods able to determine anomalous concrete conditions is very much needed, and has been a long-standing challenge in the area of material characterization. To date, many NDE methods for concrete exist, and some of them resulted in commercial products. The interested reader is referred to the excellent monograph [1] to the Schmidt hammer test, while multiple HNSW features can, in principle, be exploited to assess the condition of the underlying material. The hammer may induce plastic deformation or microcracks into the specimen, while the HNSW approach is purely nondestructive.
The paper is organized as follows. The next section describes the concrete samples, the design of the HNSW transducers, and the test protocols adopted throughout the study. Section 3 presents the experimental results associated with the concrete cylinders and it is largely excerpted from reference [38] in order to provide a comprehensive knowledge in support of the findings of Section 4 that presents the results associated with the short beam. The latter represents the core novelty of the present paper. Finally, Section 5 summarizes the findings of the project and provides some suggestions for future studies.
Experimental Setup

Materials
To set the baseline data, eighteen concrete cylinders were cast and tested: nine were evaluated nondestructively, whereas the remaining nine were tested according to the ASTM C469. The cylinders were 152.4 mm (6 in.) in diameter and 304.8 mm (12 in.) high. Three w/c ratios, namely 0.42, 0.45, and 0.50, were considered.
The materials are listed in Table 1a and the mixture designs are presented in Table 1b . To ease identification, we labeled the samples according to Table 1c . Table 1c . Detailed information about the concrete cylinders. The samples evaluated with the HNSW (highly nonlinear solitary wave)-transducers were wet and tested after 28 days of curing. The samples evaluated with the UPV (ultrasonic pulse velocity) were wet and tested after 29 days of curing. The samples subjected to compressive load were tested saturated after 28 days of curing.
w/c Ratio Number of Cylinders NDE Sample Labels ASTM C469 Sample Labels 0. 42  6  42A, 42B, 42C  42D, 42E, 42F  0.45  6  45A, 45B, 45C  45D, 45E, 45F  0.50  6  50A, 50B, 50C  50D, 50E, 50F Then, sixteen 15.2 cmˆ15.2 cmˆ30.4 cm (6 in.ˆ6 in.ˆ12 in.) beams were fabricated using concrete mix design with w/c = 0.42. The beams were subject to the four different scenarios sketched in Figure 1 . Each scenario represented either two surface finishing or two standing water situations in the formworks. Conditions 1 and 2 reflected the field case where water accumulates on the formwork as a result of rainfall prior to the placement of the concrete. To create Conditions 1 and 2, a predetermined volume of water based on the surface area of the beam mold was measured and poured on the sealed molds. Concrete was placed as evenly as possible into the molds and a shaft vibrator was then used to consolidate the concrete mixture before finishing the top surface. During the fabrication, the standing water was seen migrating to the top as shown in Figure 2a . After consolidation, the top surfaces of the beam molds were finished. Then, sixteen 15.2 cm × 15.2 cm × 30.4 cm (6 in. × 6 in. × 12 in.) beams were fabricated using concrete mix design with w/c = 0.42. The beams were subject to the four different scenarios sketched in Figure 1 . Each scenario represented either two surface finishing or two standing water situations in the formworks. Conditions 1 and 2 reflected the field case where water accumulates on the formwork as a result of rainfall prior to the placement of the concrete. To create Conditions 1 and 2, a predetermined volume of water based on the surface area of the beam mold was measured and poured on the sealed molds. Concrete was placed as evenly as possible into the molds and a shaft vibrator was then used to consolidate the concrete mixture before finishing the top surface. During the fabrication, the standing water was seen migrating to the top as shown in Figure 2a . After consolidation, the top surfaces of the beam molds were finished. Conditions 3 and 4 simulated instead the occurrence of rainfall during placement and finishing of the concrete. To create these conditions, a specific procedure was developed in an effort to best simulate the finishing of rainfall that would occur on a job site. The procedure began by placing the concrete into the dry beam mold without any consolidation or finishing performed. The predetermined volume of surface water, similarly based on the base area of the mold, was then divided into thirds. The first application of water (one-third of the total surface water) was completed immediately after the concrete was placed into the beam mold. After this first application, a shaft vibrator was used to consolidate the concrete in the mold. The top surface of the beam mold was then struck off and rodded with the rod only penetrating into the concrete approximately 25 mm (1 in.). The second application of surface water was then completed. Following this second application of surface water, the top surface was again finished (Figure 2b ) and rodded ( Figure 2c ). The third and final application of surface water was then applied before the top surface was finished for the last time. This surface finishing process was found to be the best way in controlling the application of surface water and simulating what actually happens on a bridge project. This modified amount of surface water was applied in three separate stages (one-third volume per application), as described above. Two beams per condition per day were cast. We note here that the amount of water added in the four conditions raised the true w/c ratio to 0.627, 0.524, 0.462, and 0.483, respectively for Conditions 1 to 4. The calculations assumed that the water standing on the formworks or sprinkled above the fresh concrete was uniformly distributed across the entire volume of the specimens. Conditions 3 and 4 simulated instead the occurrence of rainfall during placement and finishing of the concrete. To create these conditions, a specific procedure was developed in an effort to best simulate the finishing of rainfall that would occur on a job site. The procedure began by placing the concrete into the dry beam mold without any consolidation or finishing performed. The predetermined volume of surface water, similarly based on the base area of the mold, was then divided into thirds. The first application of water (one-third of the total surface water) was completed immediately after the concrete was placed into the beam mold. After this first application, a shaft vibrator was used to consolidate the concrete in the mold. The top surface of the beam mold was then struck off and rodded with the rod only penetrating into the concrete approximately 25 mm (1 in.). The second application of surface water was then completed. Following this second application of surface water, the top surface was again finished (Figure 2b ) and rodded (Figure 2c) . The third and final application of surface water was then applied before the top surface was finished for the last time. This surface finishing process was found to be the best way in controlling the application of surface water and simulating what actually happens on a bridge project. This modified amount of surface water was applied in three separate stages (one-third volume per application), as described above.
HNSW Transducers
Two beams per condition per day were cast. We note here that the amount of water added in the four conditions raised the true w/c ratio to 0.627, 0.524, 0.462, and 0.483, respectively for Conditions 1 to 4. The calculations assumed that the water standing on the formworks or sprinkled above the fresh concrete was uniformly distributed across the entire volume of the specimens.
Three transducers were assembled. Each transducer contained sixteen AISI 302 steel particles (McMaster-Carr, Aurora, IL, USA) as schematized in Figure 3 
Test Protocol
All the HNSW-transducers were used to test all the specimens, i.e., the experiments were conducted in a round-robin fashion, in order to prevent any bias in the results that may have stemmed from differences during the assembly. The cylinders were tested using the HNSWs immediately after curing the samples at 21 °C (70 °F) 95% relative humidity for 28 days, and The sensing system consisted of a built-in sensor-rod schematized in Figure 3b and located in lieu of the 9th particle. The sensor-rod was made of a piezo ceramic (Steminc Piezo, Miami, AZ, USA) embedded between two half rods (McMaster-Carr, Aurora, IL, USA). The disc (Steminc Piezo, Miami, AZ, USA) was 19 mm diameter and 0.3 mm thick and insulated with Kapton tape (McMaster-Carr, Aurora, IL, USA). The rod was made from the same material as the beads, and has a mass m r = 27.8 g, a height h r = 13.3 mm, and a diameter D r = 19.05 mm. The sensor-rod had approximately the same mass of the individual particles in order to minimize any impurity in the chain that may generate spurious HNSWs. Finally, the falling height of the striker was 5 mm.
At the bottom of the transducers a 0.254 mm (0.1 in.) thick aluminum sheet (McMaster-Carr, Aurora, IL, USA) was glued to the plastic tube in order to prevent the free fall of the particles. A through-thickness hole was devised to allow for direct contact between the last particle of the chain and the concrete material. The transducers were driven simultaneously by a National Instruments-PXI unit running in LabVIEW (9.0, National Instruments, Austin, TX, USA, 2009), and a DC power supply and a Matrix Terminal Block (NI TB-2643) (National Instruments, Austin, TX, USA) to branch the PXI output into three switch circuits to trigger the action of the electromagnets. The lead-zirconate-titanite (PZT) sensors (Steminc Piezo, Miami, AZ, USA) were connected to the same PXI, and the signals were digitized at 400 kHz sampling frequency, i.e., 2.5 µs sampling period.
All the HNSW-transducers were used to test all the specimens, i.e., the experiments were conducted in a round-robin fashion, in order to prevent any bias in the results that may have stemmed from differences during the assembly. The cylinders were tested using the HNSWs immediately after curing the samples at 21˝C (70˝F) 95% relative humidity for 28 days, and completed in a day. The experiments were conducted in a single day. For each test, 50 measurements were taken.
The beams were tested at room conditions after 28 days of curing at 21˝C (70˝F) and at relative humidity of 95%. The UPV method was employed the day after testing with the solitary waves. Both top and bottom surfaces of the beams were tested by removing them from the mold and eventually rotated. All the transducers were placed on the surface of the beam simultaneously, and fifty measurements were recorded by each transducer. Figure 4 shows the setups relative to the solitary wave measurements. It can be seen that each sample was tested simultaneously with three transducers and at three different locations. This translates in time and cost-savings. Posts (Techspec, Midland, TX, USA) and clamps (Techspec, Midland, TX, USA) were used to hold the transducers. 
All the HNSW-transducers were used to test all the specimens, i.e., the experiments were conducted in a round-robin fashion, in order to prevent any bias in the results that may have stemmed from differences during the assembly. The cylinders were tested using the HNSWs immediately after curing the samples at 21 °C (70 °F) 95% relative humidity for 28 days, and completed in a day. The experiments were conducted in a single day. For each test, 50 measurements were taken.
The beams were tested at room conditions after 28 days of curing at 21 °C (70 °F) and at relative humidity of 95%. The UPV method was employed the day after testing with the solitary waves. Both top and bottom surfaces of the beams were tested by removing them from the mold and eventually rotated. All the transducers were placed on the surface of the beam simultaneously, and fifty measurements were recorded by each transducer. Figure 4 shows the setups relative to the solitary wave measurements. It can be seen that each sample was tested simultaneously with three transducers and at three different locations. This translates in time and cost-savings. Posts (Techspec, Midland, TX, USA) and clamps (Techspec, Midland, TX, USA) were used to hold the transducers. 
Model to Extract the Elastic Modulus
In order to extract the elastic modulus of the concrete in contact with the chain, we modelled numerically the dynamic interaction between a chain of particles identical to the one embedded in the transducer and an elastic material that mimics the concrete. The partial differential equation of the motion associated with the propagation of an HNSW in the chain can be determined using Lagrangian description of particle dynamics:
In Equation (1), u i is the ith particle displacement, [x] + denotes max(x, 0), and A the stiffness constant present in the Hertz's law. By solving this equation, the time history of the nth particle's oscillation is obtained and then the displacements of the particles can be used to compute the approach δ = u i+1´ui and then to apply in the Hertzian relationship. More details about the models are available at [38, 41, 42] . Figure 5 shows the time-of-flight (TOF) of HNSWs as a function of the Young's modulus for a Poisson's ratio equal to 0.20, which is a typical value for concrete. The graph shows that the Young's modulus affects significantly the wave feature when E < 100 GPa; moreover, when the modulus of elasticity of the test sample is higher than 25 GPa, small differences in the measurement of the TOF, let say 3%, yields about 60% change in the estimated modulus. More details about the procedure to generate Figure 5 are available at [43] . In order to extract the elastic modulus of the concrete in contact with the chain, we modelled numerically the dynamic interaction between a chain of particles identical to the one embedded in the transducer and an elastic material that mimics the concrete. The partial differential equation of the motion associated with the propagation of an HNSW in the chain can be determined using Lagrangian description of particle dynamics:
In Equation (1), ui is the ith particle displacement, [x]+ denotes max(x, 0), and A the stiffness constant present in the Hertz's law. By solving this equation, the time history of the nth particle's oscillation is obtained and then the displacements of the particles can be used to compute the approach δ = ui+1 − ui and then to apply in the Hertzian relationship. More details about the models are available at [38, 41, 42] . Figure 5 shows the time-of-flight (TOF) of HNSWs as a function of the Young's modulus for a Poisson's ratio equal to 0.20, which is a typical value for concrete. The graph shows that the Young's modulus affects significantly the wave feature when E < 100 GPa; moreover, when the modulus of elasticity of the test sample is higher than 25 GPa, small differences in the measurement of the TOF, let say 3%, yields about 60% change in the estimated modulus. More details about the procedure to generate Figure 5 are available at [43] . In this study, we used Figure 5 to estimate the modulus of the samples by intersecting the experimental TOF to the numerical curve. For illustrative purposes, the figure shows the modulus corresponding to two experimental data, namely 0.5881 ms and 0.5692 ms.
The dynamic modulus of elasticity Ed was then converted into the static modulus of elasticity Es using the empirical formula proposed by Lydon and Balendran [44, 45] :
Ultrasonic Pulse Velocity (UPV) Method
The conventional UPV method was employed for comparative purposes to determine the dynamic modulus of elasticity Ed of the concrete specimens using the well-known relationship:
where V is the velocity of the bulk wave and K is: In this study, we used Figure 5 to estimate the modulus of the samples by intersecting the experimental TOF to the numerical curve. For illustrative purposes, the figure shows the modulus corresponding to two experimental data, namely 0.5881 ms and 0.5692 ms.
The dynamic modulus of elasticity E d was then converted into the static modulus of elasticity E s using the empirical formula proposed by Lydon and Balendran [44, 45] :
The conventional UPV method was employed for comparative purposes to determine the dynamic modulus of elasticity E d of the concrete specimens using the well-known relationship:
where V is the velocity of the bulk wave and K is:
In Equation (4), µ is the dynamic Poisson's ratio of the sample material. When this ratio is not available, the conventional static Poisson's ratio ν can be used [1] . After computing the dynamic modulus, Equation (2) is used to estimate the static modulus.
The UPV test was performed by measuring the velocity of the wave propagating along the axial direction of the cylinders, and the through-thickness (top-bottom) direction of the beams. Two commercial transducers (Olympus X1020, 100 kHz, Center Valley, PA, USA), two pre-amplifiers, a function generator (Tektronix AFG 3022, Fort Worth, TX, USA), and an oscilloscope (LeCroy 44 Xi, Chestnut Ridge, NJ, USA) were utilized. The average of 300 measurements was recorded for each cylinder and for each beam. Figure 6a shows one of the fifty waveforms recorded by the transducer P1 when it was placed above the samples 42A, 45A, and 50A. To ease the readability of the time waveforms, the amplitudes were offset. Figure 6b is a close-up view of Figure 6a and it shows that the TOF of the primary reflected wave increases with an increase in w/c ratio. Not presented here, but detailed in [38] , the relative standard deviation (RSD), i.e., the ratio of the standard deviation to the mean, ranged from 0.2% to 0.9%. This proved the high repeatability of the setup. The figure reveals that the TOF increases with the increase of the w/c ratio. In Equation (4), μ is the dynamic Poisson's ratio of the sample material. When this ratio is not available, the conventional static Poisson's ratio ν can be used [1] . After computing the dynamic modulus, Equation (2) is used to estimate the static modulus.
Experimental Results: Baseline Data
HNSW Transducers and UPV Test
The UPV test was performed by measuring the velocity of the wave propagating along the axial direction of the cylinders, and the through-thickness (top-bottom) direction of the beams. Two commercial transducers (Olympus X1020, 100 kHz, Center Valley, PA, USA), two pre-amplifiers, a function generator (Tektronix AFG 3022, Fort Worth, TX, USA), and an oscilloscope (LeCroy 44 Xi, Chestnut Ridge, NJ, USA) were utilized. The average of 300 measurements was recorded for each cylinder and for each beam. Figure 6a shows one of the fifty waveforms recorded by the transducer P1 when it was placed above the samples 42A, 45A, and 50A. To ease the readability of the time waveforms, the amplitudes were offset. Figure 6b is a close-up view of Figure 6a and it shows that the TOF of the primary reflected wave increases with an increase in w/c ratio. Not presented here, but detailed in [38] , the relative standard deviation (RSD), i.e., the ratio of the standard deviation to the mean, ranged from 0.2% to 0.9%. This proved the high repeatability of the setup. The figure reveals that the TOF increases with the increase of the w/c ratio. The static moduli estimated with Equation (4) are listed in Table 2 . They are based on the values of the TOFs averaged from each of the fifty waveforms acquired for every transducer. The values from each transducer and from each cylinder with the same w/c ratio were then averaged and reported on the rightmost column together with the corresponding RSD. The data show that an increase in the w/c ratio decreases the static modulus. Table 3 presents instead the results associated with the UPV. When compared to the HNSW-based data, the ultrasonic test gives lower modulus and smaller RSD. The latter is due to the better repeatability of the commercial transducer, but it is also the effect of the fact that the ultrasonic test averages the effect of the through-thickness concrete. Finally, it must be noticed that the presence of an ultrasonic gel couplant between the transducer and the concrete mitigates any effect associated with the surface texture. The static moduli estimated with Equation (4) are listed in Table 2 . They are based on the values of the TOFs averaged from each of the fifty waveforms acquired for every transducer. The values from each transducer and from each cylinder with the same w/c ratio were then averaged and reported on the rightmost column together with the corresponding RSD. The data show that an increase in the w/c ratio decreases the static modulus. Table 3 presents instead the results associated with the UPV. When compared to the HNSW-based data, the ultrasonic test gives lower modulus and smaller RSD. The latter is due to the better repeatability of the commercial transducer, but it is also the effect of the fact that the ultrasonic test averages the effect of the through-thickness concrete. Finally, it must be noticed that the presence of an ultrasonic gel couplant between the transducer and the concrete mitigates any effect associated with the surface texture. 
Experimental Results: Baseline Data
HNSW Transducers and UPV Test
Destructive Testing
As is said in Section 2.1, three specimens from each batch were tested according to C469. This standard is traditionally followed to estimate the static modulus of elasticity. The results are presented in Table 4 . Interestingly, the values of the elastic moduli are closer to those predicted with the HNSWs whereas the UPV data underestimated the elastic properties of the cylinders. Nonetheless, the destructive testing confirmed that the modulus of elasticity decreased with an increase in the w/c ratio. On average, the moduli relative to the w/c = 0.45 samples and the w/c = 0.50 samples were 7.5% and 9.2%, respectively, smaller than the w/c = 0.42 sample. 
Experimental Results: Short Beams
Tables 2-4 constitute the reference data to which compare the findings from the corrupted beams. The results are presented in what follows. Table 5 summarizes the results associated with the beam subject to Condition 1, i.e., with the presence of 12.7 mm (0.5 in.) of standing water at the bottom of the formwork. The average value of the fifty TOF measurements per transducer is listed along with the corresponding elastic modulus. The data refer to the beam both top and bottom face. The latter was exposed to the presence of water. However, as is said earlier and displayed in Figure 2a , water migrated toward the top due to vibration and the weight of the concrete. The mean of the twelve moduli is presented in the shaded row along with the corresponding standard deviation and RSD. Surprisingly, the modulus estimated at the top surface is higher than the modulus at the bottom where the standing water was originally located. The results are therefore consistent with the empirical evidence that water migrated to the top and the experimental procedure that water was mixed with the concrete throughout the specimen. The RSD associated with the measurement at the top is almost double the corresponding value at the bottom. This is the result of point-by-point variations due to the presence of water whereas the conditions at the bottom were more uniform due to the self-weight of the concrete and the smoothness of the mold. We will observe that this consideration about the RSD applies to all four conditions. The last three rows of Table 5 list the elastic modulus of the baseline cylinders predicted by the same transducers. They are presented here again to ease the prediction of the resulting w/c ratio at the two surfaces of the beams. By comparing the values relative to the beams and to the cylinders, the solitary wave based technique estimates a ratio higher than 0.50 at the top and around 0.46-0.47 at the bottom of the short beams.
HNSW-Transducer Measurements
Similar to Table 5, Table 6 presents the results relative to Condition 2 where the amount of standing water was half the amount in Condition 1. By looking at the mean of the elastic modulus, we observe that the value relative to the top surface is very close to the value reported in Table 5 , whereas the w/c ratio estimated at the bottom is 0.45. The results suggest that the difference in the amount of standing water between Conditions 1 and 2 was not relevant to change the w/c ratio of the overall beam. By looking at the three bottommost rows of Table 6 , we can reach the same conclusions for both conditions: the HNSW transducers were able to capture the circumstance that the short beams were corrupted by water in excess. The TOF and the static modulus at the surfaces of the beams experiencing Condition 3 are summarized in Table 7 . Under this scenario, 2.54 mm (0.1 in.) of water was sprinkled above the samples, whereas the bottom surface was pristine with w/c = 0.42 (see scheme of Figure 1c ). It is observed that the estimated static modulus for the top surface is 31.8 GPa and it matches the cylinders with w/c = 0.50. When compared to the corresponding values presented in Tables 5 and 6 the modulus is slightly higher, and this is likely because the volume of water sprinkled on the samples was lower. Moreover, the value is much smaller than the modulus of elasticity estimated for the cylinders with w/c = 0.42. The elastic modulus measured at the bottom surface was higher than the previous two scenarios; this is expected since the specimens with Conditions 3 and 4 were not vibrated, and, therefore, it is unlikely that the water sprinkled on the top reached the bottom of the specimen. Finally, the TOF and the modulus of elasticity of the beams subjected to Condition 4 are summarized in Table 8 . Under this condition, more water was added onto the fresh concrete. Consistently with the larger volume of liquid, the predicted modulus at the top was lower than what estimated under scenario 3. The table demonstrates that the HNSW-based measurement estimated that the w/c of the unconditioned surface of the concrete beam was close to 0.42, as it is expected, and above 0.50 for the surface of the beam that was sprinkled with 3.8 mm (0.15 in) of water. It is noted here that sampling period used in this study and the design of the metamaterial are such that the potential error in the estimate of the concrete modulus is on the order of 5%. The accuracy can be improved by simply increasing the sapling frequency of the digitizer. Nonetheless, the outcomes of the results are in line with the prediction of water in excess in the concrete beams. 
UPV Test
UPV was adopted to test the beams as well. The results are summarized in Table 9 . The means of the modulus are much closer to each other than what was found with the HNSW method. This remarks upon the fact that the novel NDE method is capable of capturing surface conditions that may have been altered by the presence of water. Moreover, the RSD is smaller, suggesting more homogeneous conditions throughout the four samples. Finally, if we compare the UPV data from Tables 4 and 9 we notice that the UPV method estimates an amount of w/c ratio above 50% for all samples, without any ability at discriminating poor from good surface conditions. 
Discussion and Conclusions
In this article, we showed the principles of a novel NDE method for concrete based on the propagation of highly nonlinear solitary waves along a metamaterial in contact with the concrete to be evaluated. The method aimed at determining the modulus of hardened concrete, in particular to estimate the water-to-cement ratio in a concrete volume close to an HNSW transducer. We demonstrated that the transducers designed and assembled to exploit the principles offer sufficient repeatability and reliability to identify the differences in the amount of water purposely added to the beams in order to mimic rainfall situations.
Owing to the nature of concrete material, it is acknowledged that the w/c ratio is likely not to be the only concrete parameter affecting the amplitude and the time of flight of the reflected solitary wave. Future studies should look at the effect of the aggregate size and overall any other factor that is known to influence the Young's modulus of concrete. Nonetheless, the study presented in this paper is the first attempt to prove that solitary waves can be used to measure water in excess in concrete surfaces.
The advantages of the proposed HNSW-based method are the easy and fast implementation, the possibility to carry out a large number of tests simultaneously, and independence upon internal damage and/or the presence of reinforcing steels inside the concrete. Finally, being a local and contact method, the approach can be successfully applied to characterizing effects of finishing and curing conditions. Figure 5 showed that the measured values of E are on a part of the curve that is not extremely favorable for sensitivity. Future studies should redesign the metamaterial, such as different sized or different modulus balls, in order to shift the region of influence in a range where a large change in the TOF gives rise to small variation of the Young modulus. Such a region would consent to discriminate small differences in the Young modulus due to changes in the w/c ratio. 
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